In pipe systems illegal branches can take away remarkable water resources with negative effects from both the economic and technical points of view. Difficulties in pointing out illegal branches by means of steady-state pressure and discharge measurements are mainly due to the fact that, of course, such systems are not active according to a regular time schedule. In this paper the possibility of using Transient Test-Based Techniques (TTBT) for the location and sizing of branches is shown. Specifically, tests carried out in different branched pipe systems at the Water Engineering Laboratory of the University of Perugia, Italy, show that TTBT allow us to detect branches irrespective of whether they are active or not. To improve the precision of the localization, arrival times of pressure waves are detected by means of wavelet analysis. Finally, a simple relation based on the water hammer theory is proposed to size the branch reliably.
NOMENCLATURE
The following symbols are used in this paper: INTRODUCTION ''Out of sight, out of mind'': this short sentence synthesizes properly the approach followed in the past by water utility managers who ignored leakage as well as viewed leakage control as a desperation measure. In the last 30 years, due to both the rarefaction of water resources and the greatly increased user demand, water utility managers realized that leakage detection is a ''money-saving expense'' and assigned a high priority to leak survey programs based on benefit-cost analysis (Journal of AWWA special issue 1979). Moreover, at present that leaks are costly also in terms of energy is a wellestablished idea (Colombo & Karney 2002) . According to Lambert & Hirner (2000) and Lambert (2003) , water losses can be divided into real and apparent or administrative losses.
Real losses consist of water volumes that flow out of the system without reaching any user, whereas apparent or administrative losses concern water volumes reaching a user without being measured and/or paid for. Thus apparent losses may be due to illegal connections to the distribution network (water theft) or measurement errors. In many regions, not only in developing countries (Figure 1 ), but also in Europe -particularly in those regions in which the agricultural practices are greatly conditioned by water availability -unauthorized consumption is widely spread, drawing water from the supply pipe system. words, the amount of and types of equipment employed, the time for setup and calibration, impact on operations, test procedure and duration and precision of results have to be considered (Flora et al. 1998 ) when a proper methodology has to be chosen. It is worth noting that the comparison between the water industry and the gas and oil industry is severe: wellinstrumented pipelines and large investment in research as a routine make the difference (Misiunas et al. 2005 ).
In (Ferrante et al. 2007) . These are the main reasons for the increasing success of TTBT, at least for supply pipe systems.
In the analysis of the time-history of the pressure measured during transient tests À hereafter referred to as the ''pressure signal'' À different approaches have been followed.
Within the Inverse Transient Analysis (ITA) proposed by Liggett & Chen (1994) , the pressure signal is simulated by means of unsteady flow differential equations and the location and size of leaks and branches are the unknowns of the problem. Alternatively, as will be shown below, the analysis can be focused on the discontinuities in the pressure signal due to the pressure waves reflected by leaks and branches.
Such an analysis can be executed in the time domain (e.g. 
EXPERIMENTAL SETUPS
Experimental tests were executed in two different pipe systems at WEL (Table 1) with Dt ¼ sampling period) can be defined as
LOCALIZATION OF ILLEGAL BRANCHES AND EVALUATION OF THEIR FUNCTIONING CONDITIONS RPLBV system
where 2 j is the scale parameter, with the wavelet scale j ¼ 1, 2,y, I, Iolog 2 Nu and the mother wavelet, w(t), is defined by the following expression:
which is an approximation of the first derivative of the Gaussian function (Mallat & Zhong 1992) . Precisely, in correspondence to singularities in the pressure signal, i.e. to the passage of waves through section M, the wavelet transform, W, is marked by maximum local moduli that organize themselves into chains (Ferrante et al. 2007) . 
The relative error in evaluating L 0 is equal to 1.8%, in the case of both active and inactive branches, and the resulting value of a m is 359.72 m/s. It is worth noting that, according to Equations (3) and (4), the localization of singularities and the evaluation of the pressure wave speed coincide with the evaluation of times at which pressure waves pass through the measurement section.
In order to determine the functioning conditions of the branch, the second characteristic time has to be analyzed. To 
The numerical simulation by MOC is reported in Figure 10 . Such a figure shows that the wave reflected at section E causes a different singularity at t E ¼ 1.690 s dependent on the functioning conditions in the branch. Precisely, in the case of an active branch such a singularity is a reduction 
SIZING OF ILLEGAL BRANCHES BY SIMPLE MODELS
Within TTBT, simple numerical models, simulating the interaction between an illegal branch and a pressure wave, are advantageous in practical applications because they allow is given by the following expression (Swaffield & Boldy 1993) :
Since the characteristics of the main pipe are known and then the ratio A m /a m , in Figure 14 the behavior of A b /a b vs. c is reported according to Equation (7), in the range 0oA b /a b o2 Â 10 À5 . The resulting curve can be used for estimating the ratio A b /a b on the basis of the experimental value of the reflection coefficient that can be extracted from the pressure signal, h M t :
The resulting values of c M are À0.095 for the RPLBV system and À0.295 for the RHDPEBV system ( Figure 14 ).
Assuming in Equation (7) 0.5d M . Such differences can be ascribed to the damping of pressure waves, traveling from node V to node J and vice versa, mainly due to pipe viscoelasticity and unsteady friction (Meniconi et al. 2009a) . According to Ramos et al. (2004) and Soares et al. (2008) , such a damping has been estimated experimentally in a straight pipe. In particular, as described in Meniconi et al. (2010a) , the damping of pressure waves traveling between two generic sections in the main pipe at a distance L* can be measured by considering the damping factor k t defined as
where a ¼ generic pressure wave. The tests carried out show that, for given pipe material and characteristics, the damping factor k t depends mainly on the inertial forces, i.e. on the change associated to the pressure wave and n is the kinematic viscosity of the fluid. The best fitting curve of k t is given by the following relationship:
If the experimental reflection coefficient, c M , is corrected by considering k t , the modified reflection coefficient is 
